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With  the  emergence  and  progress  of  composite  tools  in  the  Middle  Stone  Age,  the  adhesive  became  one 
of  the  most  widely  used  materials  by  early  human  societies.  However,  the  precise  composition  identi¬ 
fication  of  adhesive  in  archaeological  remains  is  a  real  analytical  challenge,  because  the  adhesive  mainly 
consists  of  organic  materials  that  are  susceptible  to  decay  during  burial  process.  Of  particular  interest  is 
to  know  which  animal/plant  species  were  being  exploited  for  glue  manufacturing  other  than  for  food. 
The  arid  climate  of  the  Xiaohe  Cemetery,  located  in  Taklamakan  Desert,  northwestern  China,  provides 
favorable  conditions  for  the  preservation  of  organic  residues.  A  bone  sculpture-inlaid  wooden  artifact 
was  collected  from  the  Xiaohe  Cemetery,  with  some  semi-transparent  yellowish  adhesive  exposed  due  to 
the  detachment  of  an  inlaid  bone  sculpture.  In  this  paper,  micro  samples  of  the  adhesive  were  scraped  for 
FTIR  (Fourier  Transform  Infrared  Spectroscopy,  primary  examination)  and  subsequent  proteomic  analysis 
to  determine  the  proteinous  component(s)  and  precise  origin(s).  The  identified  tryptic  peptides  match 
most  closely  to  known  bovine  collagen  markers,  suggesting  that  this  adhesive  was  an  animal  glue  made 
from  cattle.  These  results  reveal  the  diverse  utilizations  of  cattle  in  the  Xiaohe  Cemetery,  which  provided 
not  only  meat,  milk,  hides,  sinews  and  dung,  but  also  leftover  parts  for  manufacturing  adhesive.  This  is 
the  earliest  evidence  of  adhesive  identified  in  China  up  to  our  knowledge,  which  sheds  light  on  adhesive 
development  around  3500  years  ago. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

According  to  the  definition  of  the  Encyclopedia  Britannica,  “any 
substance  that  is  capable  of  holding  materials  together  in  a  func¬ 
tional  manner  by  surface  attachment  that  resists  separation”  can  be 
called  adhesive  (Pike,  2014).  The  history  of  adhesives  is  closely 
related  to  that  of  humankind.  With  the  emergence  and  develop¬ 
ment  of  composite  tools  in  the  Middle  Stone  Age,  the  adhesive 
became  one  of  the  most  widely  used  materials  by  early  human 
societies.  Hafting  residue  has  been  recorded  throughout  the  world 
in  a  wide  range  of  substances,  for  example,  at  the  European  sites  of 
Campitello  Quarry  (ca.  200  ka)  and  Konigsaue  (ca.  80  ka)  in  the 
form  of  birch  bark  tar  (Roller  et  al.,  2001 ;  Mazza  et  al.,  2006),  at  the 


*  Corresponding  author.  Department  of  Scientific  History  and  Archaeometry, 
University  of  Chinese  Academy  of  Sciences,  Beijing  100049,  PR  China. 

E-mail  address:  yiminyang@ucas.ac.cn  (Y.  Yang). 

http://dx.doi.org/10.1016/jjas.2014.10.010 

0305-4403/©  2014  Elsevier  Ltd.  All  rights  reserved. 


South  African  sites  of  Diepkloof  (ca.  56  ±  10  ka)  and  Sibudu  (ca. 
70  ka)  in  the  form  of  conifer  resin  and  Acacia  gum  respectively 

(Charrie-Duhaut  et  al.,  2013;  Wadley  et  al.,  2009),  at  the  Western 
Asian  site  of  Umm-el-Tlel  (ca.  70  ka)  in  the  form  of  bitumen  (Boeda 
et  al.,  2008),  etc.  In  addition  to  early  use  for  hafting,  adhesive  was 
also  widely  applied  in  painting,  decoration,  lacquer,  bows  and  ar¬ 
rows,  building  as  well  as  pottery  repairing  (Calvano  et  al.,  2011; 
Chiavari  and  Mazzeo,  1999;  Luo  et  al.,  2012;  Mitkidou  et  al.,  2008; 
Regert,  2004;  Wei  et  al.,  2011;  Yang  et  al.,  2010).  However,  the 
precise  composition  identification  of  adhesive  in  artistical  and 
archaeological  remains  is  a  real  analytical  challenge,  because  the 
adhesive  mainly  consists  of  organic  materials  that  are  susceptible  to 
decay  during  burial.  Of  particular  interest  is  to  know  which  animal / 
plant  species  were  being  exploited  for  glue  manufacturing  other 
than  for  food. 

Various  adhesive  materials  were  used  in  ancient  times, 
including  animal  glue,  egg,  casein,  blood,  plant  resin  and  gum, 
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starch,  pitch,  tar,  wax,  oil,  etc.,  which  require  different  analytical 
protocols.  Micro-chemical  analysis  and  staining  methods  can  be 
useful  to  detect  the  presence  of  different  categories  of  organic 
substances  and  suitable  for  primary  examination  (Dallongeville 
et  al.,  2013;  Fan  et  al.,  1996).  Spectroscopy  methods,  such  as 
Infrared  Spectroscopy  and  Raman  Spectroscopy,  which  are  non-  or 
micro-destructive,  can  obtain  general  information  of  the  compo¬ 
sition  and  need  further  analysis  (Edwards  et  al.,  2009).  Starch  grain 
analysis  is  a  common  archaeobotanical  method  newly  developed 
for  the  study  of  starch-rich  remains.  This  method  sometimes  can 
identify  the  precise  plant  origin  of  starch  (Yang  et  al.,  2012),  but 
sometimes  incapable  due  to  similar  morphological  characteristics 
of  starch  grains  among  the  same  plant  genus  (Zhang  et  al.,  2011). 

The  most  commonly  used  methods  for  adhesive  analysis  are 
chromatographic  approaches,  including  gas-phase  chromatog¬ 
raphy  and  liquid-phase  chromatography  (coupled  with  mass 
spectrometer).  GC/MS,  Py-GC/MS  and  HPLC  have  been  applied  to 
characterize  oil,  natural  resin,  gum  ,  tar  and  wax  (Modugno  et  al., 
2006;  Regert,  2004;  Scott  et  al.,  2009;  Wei  et  al.,  2011)  and  also 
to  distinguish  different  kinds  of  proteinaceous  media,  such  as  ani¬ 
mal  glue,  egg  white,  egg  yolk  and  casein,  through  amino  acid  and 
peptide  analysis  (Fremout  et  al.,  2009;  Su  et  al.,  2005).  However,  the 
precise  species  identification  of  proteinaceous  adhesive  remains 
difficult  for  these  methods.  Immunoassay  techniques,  like  ELISA, 
are  specific  and  informative,  but  they  are  limited  to  targeted  protein 
(Scott  et  al.,  2009).  More  recently,  proteomic  approaches,  based  on 
high  resolution  mass  spectrometry,  have  been  utilized  and  rapidly 
developed  for  identification  of  archaeological  protein  binders  due 
to  their  high  sensitivity  and  accuracy  which  can  determine  the 
precise  origin  of  the  binder  using  very  low  sample  amount 
(Chambery  et  al.,  2009;  Dallongeville  et  al.,  2011b,  2013;  Fremout 
et  al.,  2010;  Fremout  et  al.,  2011;  Leo  et  al.,  2009). 

In  China,  the  studies  on  adhesive  materials  are  rare  and  mostly 
focus  on  the  binders  of  painted  artifacts  and  polychromy,  such  as 
lacquer  objects  (Wei  et  al.,  2011),  polychromy  terracotta  army  and 
jar  (An,  2012;  Chiavari  and  Mazzeo,  1999;  Wei  et  al.,  2012),  mural 
paintings  (Li,  1995;  Su  et  al.,  2005),  colored  paintings  of  architec¬ 
tural  buildings  (Yang  et  al.,  2010),  etc.  Furthermore,  Cheng  et  al. 
(2008)  and  Luo  et  al.  (2012)  have  studied  the  binding  agents  on 
Chinese  turquoise-inlaid  bronze  swords  dated  to  the  East  Zhou 
period  (770-256  BC).  However,  adhesives  applied  in  other  kinds  of 
relics  have  not  attracted  sufficient  attention  yet.  On  the  other  hand, 
these  studies  are  restricted  to  the  historical  period,  and  no  research 
on  prehistoric  adhesive  materials  is  available  so  far  to  the  best  of 
our  knowledge. 


It  is  to  be  noted  that  the  arid  climate  in  the  Lop  Nur  area  (Xin¬ 
jiang,  China)  provides  advantaged  conditions  for  the  preservation 
of  organic  residue.  Dated  to  1980-1450  BC  (CRAIXAR,  2007;  Li, 
2010;  Li  et  al.,  2010),  the  Xiaohe  Cemetery  is  the  earliest  Bronze 
Age  site  ever  known  in  this  area.  A  bone  sculpture-inlaid  wooden 
artifact,  described  as  a  staff,  was  collected  from  the  Xiaohe  Ceme¬ 
tery,  with  some  transparent  yellowish  adhesive  exposed  because 
the  inlaid  bone  sculpture  dropped  off.  In  this  study,  FTIR  (Fourier 
Transform  Infrared  Spectroscopy)  was  initially  used  to  evaluate  the 
presence  of  protein  in  this  adhesive.  Subsequently  a  proteomic 
approach  was  employed  to  analyze  the  adhesive  collected  from  a 
prehistoric  context  for  the  first  time  in  China,  in  order  to  identify  its 
precise  origin,  to  reveal  the  related  information  about  the  utiliza¬ 
tion  of  natural  resources  and  the  production  of  adhesive  in  the 
Xiaohe  Culture. 

2.  Sample  background 

2.1.  Site  description 

The  Xiaohe  Cemetery  (40°20/ll//N,  88°40/20.3//E)  is  a  7.75  m 
high  mound  of  sand  with  five  layers  of  burials,  about  60  km  south  of 
the  Peacock  River  in  the  Taklamakan  Desert  of  northwestern  China 
(Fig.  1).  As  a  representative  site  of  the  Xiaohe  Culture,  the  Xiaohe 
Cemetery  was  named  by  Chinese  State  Administration  of  Cultural 
Heritage  as  one  of  China's  top  ten  archaeological  discoveries  in 
2004.  This  site  was  first  investigated  in  1934  by  a  Swedish 
archaeologist  Folke  Bergman,  and  then  comprehensively  and  pro¬ 
fessionally  excavated  by  Xinjiang  Cultural  Relics  and  Archaeology 
Institute  between  2002  and  2005.  A  total  of  167  graves  were 
discovered  with  well-preserved  mummies,  their  dressed  textiles 
and  accompanied  artifacts  thanks  to  the  extremely  arid  climate  and 
saline  soil.  The  discovered  phallus-posts  and  vulvae-posts,  wooden 
sculptures,  rods,  staffs,  ox  skulls,  sheep  bones,  clothes,  leather, 
bronze,  bread  wheat,  common  millet  and  other  artifacts,  imply  that 
agriculture,  husbandry,  handicraft  and  religious  beliefs  played 
important  roles  in  the  Xiaohe  people's  life,  and  also  provide 
important  and  rich  materials  for  the  research  of  prehistoric  Eastern 
and  Western  communication  (Amat,  2011;  CRAIXAR,  2004,  2007). 

2.2.  Archaeological  sample 

Many  bone  sculpture-inlaid  wooden  artifacts,  described  as 
staffs,  have  been  found  in  the  Xiaohe  Cemetery.  Staffs  are  consid¬ 
ered  as  important  weapons  of  shamanism  (Amat,  2011).  They  were 


Fig.  1.  Location  of  the  Xiaohe  Cemetery  in  Xinjiang.  (A)  Location  of  Xinjiang  in  China.  (B)  Location  of  the  Xiaohe  Cemetery. 
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frequently  found  standing  at  the  tomb  occupiers'  head  and  feet 
respectively,  indicated  by  tomb  M24  (Fig.  2),  whose  occupier  was 
regarded  as  a  shaman  (Liu,  2009).  The  production  process  of  staffs  is 
quite  complicated:  firstly,  a  wood  pole  is  cut  and  divided  into  three 
sections;  after  that,  two  long  vertical  grooves  are  chiseled  on  the 
flat  obverse  of  the  upper  section  with  two  bone  sculptures  inlaid, 
and  feathers  are  affixed  on  the  reverse;  finally,  ephedra  twigs  are 
tied  onto  the  middle  section,  which  is  then  wrapped  with  mane  and 
twine  ropes  (CRAIXAR,  2007).  Because  it  was  not  permitted  to 
sample  intact  staffs,  one  without  mane  or  ropes  was  selected  for 
analysis  (Fig.  3A),  whose  unilateral  inlaid  bone  sculpture  was  de¬ 
tached  with  some  adhesive  exposed  (Fig.  3B).  In  order  to  avoid 
contamination,  the  interior  adhesive  was  sampled  after  removal  of 
the  surface  materials.  The  adhesive  appeared  to  be  homogeneous 
and  semi-transparent  yellowish  (Fig.  3C),  which  was  collected  for 
FTIR  and  subsequent  proteomic  analysis  to  determine  the  biological 
origin(s). 

3.  Analytical  protocols 

3.1.  FTIR  analysis 

FTIR  analysis  was  employed  to  characterize  major  constituents 
of  the  adhesive  and  guide  further  analysis.  The  sample  was 
analyzed  as  KBr  micropellets  with  a  Nicolet  6700  (Thermo  Scien¬ 
tific)  FTIR  spectrometer  working  in  a  transmission  mode.  Spectra 
were  acquired  over  the  range  of  4000-400  cm-1  with  a  resolution 


of  4  cm  1  and  32  scans  per  spectrum.  The  software  OMNIC  8.0  was 
applied  to  deal  with  the  data. 

3.2.  LC/MS/MS  analysis 

(1 )  Protein  extraction.  100  pi  of  extracting  solution  (Tris-HCl,  pH 
8.0,  10  mM  dithiothreitol,  10%  sodium  dodecylsulfate  and 
0.0025%  bromophenol  blue)  was  added  to  approximately 
10  mg  of  archaeological  sample.  The  mixture  was  subjected 
to  ultrasonic  baths  (3  x  15  min)  followed  by  incubation  for 
1  h  at  56  °C.  Then  sonicated  again  for  15  min  and  centrifuged 
for  15  min  at  12,000  g. 

(2)  SDS-PAGE  (sodium  dodecyl  sulfate  polyacrylamide  gel  elec¬ 
trophoresis).  45  pi  of  the  supernatant  was  mixed  with  5  pi  of 
glycerol,  heated  at  95  °C  for  5  min,  cooled  to  room  temper¬ 
ature,  and  loaded  onto  the  gel  (5%  stacking  gel,  6%  separating 
gel)  with  25  pi  of  mixture  each  well.  The  electrophoresis 
apparatus  was  initially  connected  to  an  80  V  power  supply 
and  then  switched  to  a  120  V  power  supply  when  the  sample 
arrived  at  the  separating  gel.  As  the  sample  ran  on  the 
separating  gel  for  about  3  cm,  the  apparatus  was  turned  off 
and  gel  removed.  A  microwave-assisted  Coomassie  Blue 
staining  protocol  was  followed.  The  gel  immersed  in  the 
staining  solution  (0.25%  Coomassie  Blue  w/v,  50%  ethanol, 
10%  acetic  acid)  was  incubated  in  the  microwave  oven  at 
medium-low  heat  for  45  s  followed  by  slowly  shaking  for 
10  min.  Then  the  staining  solution  was  dumped.  The  gel  was 


Fig.  2.  The  staffs  discovered  in  tomb  M24.  (A)  The  front  view  of  male  mummy  with  his  funerary  objects  (the  wooden  boat  coffin  was  removed).  The  arrows  point  to  the  staffs 
standing  at  the  occupier's  head  and  feet.  Scale  bar  =  30  cm  (B)  A  detail  side  view  of  the  staff  near  the  head,  as  the  arrow  points.  Scale  bar  =  20  cm.  (C)  An  overall  picture  of  the  two 
staffs  discovered.  The  right  one  named  M24:9  was  found  at  the  occupier's  head,  while  the  left  one  named  M24:10  found  at  the  feet.  Scale  bar  =  15  cm. 
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Fig.  3.  Collected  staff  and  analyzed  adhesive.  (A)  The  collected  staff.  The  rectangle  presents  its  upper  section.  (B)  An  enlarged  view  of  the  upper  section.  The  arrow  points  to  the 
groove  where  adhesive  was  collected.  (C)  The  analyzed  sample. 


washed  with  water  several  times,  immersed  in  the  destag¬ 
ing  solution  (25%  ethanol,  8%  acetic  acid)  and  slowly  shaken 
overnight  until  the  blue-stained  protein  area  was  visible. 

(3)  In-gel  digestion.  The  blue-stained  protein  area,  as  a  whole  on 
the  gel  slab,  was  cut  into  small  particles  of  1  mm3.  Due  to  the 
smearing  of  protein  down  the  gel,  common  in  archaeological 
remains,  the  gel  particles  were  pooled  and  collectively 
washed  with  distilled  water  three  times.  Then  the  particles 
were  destained  with  50%  acetonitrile/25  mM  NH4HCO3, 
dried  with  100%  acetonitrile  and  alkylated  in  the  dark  with 
50  mM  iodoacetamide  at  room  temperature  for  30  min.  After 
the  supernatant  was  removed,  gel  particles  were  washed 
with  25  mM  NH4HCO3  buffer  twice,  dried  with  100%  aceto¬ 
nitrile,  and  immersed  in  12.5  ng/pl  trypsin  solution  in  25  mM 
NH4HCO3.  To  ensure  that  the  gel  particles  were  covered  with 
liquid.  The  digestion  was  incubated  in  the  microwave  oven  at 
850  W  for  1  min  and  then  the  peptides  were  extracted  with 
100%  acetonitrile.  The  extracted  solution  was  vacuum  dried 
and  cryopreserved  for  further  identification  by  MS. 

(4)  LC/MS/MS.  The  digested  sample  was  re-dissolved  in  0.1% 
formic  acid  (buffer  A)  before  MS  analysis.  Then  it  was 
analyzed  by  RP  C18  capillary  LC  column  from  Michrom  Bio¬ 
resources  (75  pm  x  150  mm,  3  pm).  The  eluted  gradient  was 
5-30%  buffer  B  (0.1%  formic  acid,  99.9%  acetonitrile;  flow 
rate,  0.3  pl/min)  for  30  min.  The  MS  data  were  acquired  on  an 
LTQ  Orbitrap  Velos  mass  spectrometer  using  the  following 
parameters:  20  data-dependent  CID  MS/MS  scans  per  every 
full  scan;  full  scans  were  acquired  in  Orbitrap  at  resolution 
60,000;  35%  normalized  collision  energy;  internal  mass 
calibration  (445.120025  ion  as  lock  mass  with  a  target  lock 
mass  abundance  of  0%);  charge  state  screening  (excluding 
precursors  with  unknown  charge  state  or  +1  charge  state) 
and  dynamic  exclusion  (exclusion  size  list  500,  exclusion 
duration  30  s). 

(5)  Database  search.  The  MS/MS  spectra  were  searched  against 
the  NCBInr  database  (released  20,120,829,  20,093,899  se¬ 
quences)  using  Mascot  software  version  2.4.1  (Matrix  Sci¬ 
ence,  UK).  Trypsin  was  chosen  as  cleavage  specificity  with  a 
maximum  number  of  allowed  missed  cleavages  of  two.  Car- 
bamidomethylation  (C)  was  set  as  a  fixed  modification,  while 
deamidation  (NQ)  and  oxidation  (M)  as  variable  modifica¬ 
tions.  The  searches  were  performed  using  a  peptide  toler¬ 
ance  of  5  ppm  and  a  product  ion  tolerance  of  0.5  Da.  For 


further  filtering  the  decoy  search  option  was  enabled  and  the 
peptide  false  discovery  rate  (FDR)  was  set  to  below  0.1%  (the 
observed  value  was  actually  0%).  Protein  identifications  were 
accepted  with  two  or  more  peptides  and  each  peptide  was 
matched  with  significance  threshold  p  <  0.05  and  ions  score 
cut-off  30.  In  order  to  check  the  species-specificity  of  the 
sequences  identified  by  Mascot  software,  each  peptide 
sequence  was  submitted  to  the  alignment  process  in  the 
NCBInr  database  using  the  protein  Basic  Local  Alignment 
Search  Tool  (BLASTp  tool)  available  online  on  the  website  of 
National  Center  for  Biotechnology  Information  (http://blast. 
ncbi.nlm.nih.gov/Blast.cgi).  Where  specified,  separate  data¬ 
base  was  compiled  from  the  sequences  of  all  bovine  proteins 
(IPLbovine,  version_3.73,  30,403  sequences)  and  used  for 
searching  MS/MS  spectra  to  obtain  more  related  peptide 
sequences.  In  this  case,  the  collagen  post-transcriptional 
modifications  (PTMs,  i.e.  hydroxylation  of  proline  and 
lysine)  were  also  set  as  variable  modifications.  Matched 
peptides  were  accepted  with  above  filter.  The  peptides  were 
BLAST  searched  again  in  the  NCBInr  database  to  check  the 
species-specificity  of  the  sequences. 

4.  Results 

4  A.  FTIR  analysis 

The  FTIR  results  are  presented  in  Fig.  4.  In  comparison  with 
literature  data  (Derrick  et  al.,  1999;  Zhou  and  Shen,  1997),  it  is 

possible  to  identify  characteristic  signals  of  an  amide  group 
(— N(H)— C=0— ).  More  specifically,  the  peak  at  3411  cm'1  was 
assigned  to  N-H  stretching  vibration  region,  1632  cm-1  to  C=0 
stretching  vibration  region,  1560  cm-1  to  N-H  bending  vibration 
region,  and  1405  cm"1  to  C-N  stretching  region.  The  pattern  of 
absorption  peaks  implies  the  presence  of  protein  in  the  adhesive. 
Other  peaks  at  1126,  637  and  618  cm-1  were  probably  attributed  to 
asymmetric  stretching  and  bending  of  sulfate  (Periasamy  et  al., 
2009),  suggesting  some  inorganic  components  reserved.  Howev¬ 
er,  the  overall  FTIR  spectrum  of  the  sample  did  not  match  well  with 
that  of  bone,  which  ruled  out  a  possible  contamination  from  the 
bone  sculpture.  To  be  specific,  the  characteristic  peaks  of  hy¬ 
droxyapatite  were  absent,  including  peaks  at  -961,  1012  and 
1090  cm-1  corresponding  to  the  symmetric  (vl )  and  asymmetric 
(v3)  stretching  of  phosphate,  as  well  as  peaks  at  -557  and  600  cm-1 
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Fig.  4.  FTIR  spectrum  of  the  sample. 


to  the  bending  (v4)  of  phosphate  (Figueiredo  et  al.,  2012;  Huang 
et  al.,  2007). 

4.2.  Proteomic  analysis 

When  searched  against  the  NCBInr  database  (released 
20,120,829,  20,093,899  sequences),  bovine  collagen  alpha-1  (I) 
chain  precursor  and  collagen  alpha-2(I)  chain  precursor  were 
identified  as  the  main  proteins  except  for  disregarded  human 
background  proteins.  12  peptides  from  collagen  al  type  I  and  6 
from  collagen  a2  type  I  were  detected  and  the  details  of  these 
peptides  were  displayed  in  fable  SI.  All  the  identified  peptides 
were  extracted  and  BLAST  searched  against  the  NCBInr  database  to 
check  the  species-specificity  of  the  sequences.  In  particular, 
sequence  GPPGSAGSPGKDGLNGLPGPIGPPGPR  (position 
1141-1167)  in  collagen  al  type  I  and  IGQPGAVGPAGIR  (position 
1066-1078)  in  collagen  a2  type  I  have  been  assigned  as  bovine- 
specific  peptides,  confirming  the  bovine  origin  of  collagen. 

In  order  to  obtain  more  related  peptide  sequences  and  corre¬ 
sponding  detail  information,  a  second  Mascot  search  was  con¬ 
ducted  against  the  IPLbovine  database  (version_3.73,  30,403 
sequences)  with  the  collagen  PTMs  ( hydroxy lation  of  proline  and 
lysine)  added  as  variable  modifications.  43  peptides  from  collagen 
al  type  I  and  37  from  collagen  a2  type  I,  including  the  12  and  6 
peptides  identified  in  the  first  search,  were  detected  and  the  details 
of  these  peptides  were  given  in  Table  S2.  After  BLAST  searches,  the 
bovine-specific  peptides  were  listed  in  fable  1,  among  which  four 
bovine-specific  peptides  from  collagen  a2  type  I  (  able  1,  entry  d,  e, 
g  and  h)  have  already  been  reported  in  previous  work  (Buckley 
et  al.,  2009;  Buckley  and  Kansa,  2011;  Dallongeville  et  al.,  2011b, 
2013).  It  can  be  noted  that  the  hydroxylation  of  prolines  occurred 
in  all  of  the  assigned  peptides.  Hydroxylysine  (noted  K,  distin¬ 
guished  with  lysine-K)  was  also  found  but  with  a  lower  frequency. 
As  the  variable  hydroxylation  may  turn  up  at  different  sites  of  a 
single  peptide,  several  MS/MS  spectra  could  be  assigned  to  the 
same  sequence.  As  example,  8  MS/MS  spectra  were  assigned  to  the 
peptide  GPPGSAGSPGKDGLNGLPGPIGPPGPR  (Table  1,  entry  a)  with 
multiple  modifications,  whose  detailed  data  including  fragment 
ions  are  given  in  Fig.  SI  (a-h).  One  of  the  MS/MS  spectra  assigned  to 
GPPGSAGSPGKDGLNGLPGPIGPPGPR  (the  underlined  residue  rep¬ 
resenting  the  variable  modification  site;  details  given  in  Fig.  SI  (d); 
ions  score  45)  is  shown  in  Fig.  5,  while  Fig.  6  presents  the  MS/MS 


spectrum  assigned  to  IGQPGAVGPAGIR  ( fable  1,  entry  h;  details 
given  in  Fig.  S2  (c);  ions  score  46).  In  both  figures,  y  and  b  repre¬ 
sented  the  single  charged  mass  fragments,  y++  and  b++  the 
double  charged  fragments,  yO  and  bO  the  dehydrated  fragments 
and  y*  and  b*  the  deaminated  fragments.  Since  the  y  and  b  ions  had 
good  continuity,  the  data  is  reliable. 

The  collagen  triple  helix  composes  of  two  al  chains  and  one  a2 
chain  which  aggregate  to  form  fibrils  and  fibers.  Collagen  type  I 
(collagen  al  type  I  and  collagen  a2  type  I)  is  the  most  abundant 
collagen  in  vertebrates  and  can  be  derived  from  skin,  bones,  ten¬ 
dons,  etc.  In  addition,  animal  glue  has  been  a  kind  of  commonly 
used  adhesive  since  ancient  times,  which  is  made  by  boiling  the 
skin,  bones  or  cartilaginous  parts  of  mammals  or  fish,  and 
composed  mainly  of  collagen.  Thus  the  obtained  results  suggest 
that  the  analyzed  adhesive  is  a  type  of  animal  glue  derived  from 
bovine  origins.  Combing  with  the  FTIR  results,  some  inorganic 
components  (sulfate)  reserved  might  be  the  impurities  of  animal 
glue  (especially  skin  glue)  (Cai,  1991 ),  owing  to  the  preparation  of 
the  tissues  before  boiling  (Pearson,  2003). 

5.  Discussion 

5.2.  Diverse  utilizations  of  cattle  in  the  Xiaohe  Cemetery 

Environmental  analysis  demonstrates  that  the  Xiaohe  people 
lived  at  a  well-developed  oasis  surrounded  by  extensive  desert  (Li 
et  al.,  2013;  Qiu  et  al.,  2014),  which  was  suitable  for  husbandry. 
Cattle  and  sheep  were  the  main  livestock  in  this  area.  Plenty  of 
cattle  related  materials  were  discovered,  including  cattle  skulls  tied 
to  the  wooden  grave  markers  and  buried  in  the  tombs,  cattle  hides 
wrapping  the  coffins,  buried  cattle  ears,  cowhide  boots,  bowstrings 
and  threads  made  of  cattle  sinews,  cattle  dung,  etc.  (CRAIXAR, 
2004,  2007).  Proteomic  analysis  of  residues  in  woven  grass  bas¬ 
kets  and  around  mummified  bodies  also  indicates  that  dairy  foods 
were  important  components  of  the  Xiaohe  ancestors'  diet  (Liang 
et  al.,  2012;  Yang  et  al.,  2014).  In  summary,  the  Xiaohe  people 
depended  on  cattle  in  many  aspects  of  their  lives.  They  used  cattle 
in  their  religious  practices,  as  a  source  of  meat  and  milk,  to  provide 
leather  and  shelter,  as  a  source  of  fertilizer  or  fuel  (cow  dung),  and 
to  arm  themselves  (bowstrings).  Moreover,  as  indicated  in  this 
study,  the  leftover  animal  parts  (bones,  skin,  tendons,  etc.)  were 
boiled  down  to  make  glues.  This  reveals  the  diverse  utilizations  of 
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Table  1 

Bovine-specific  peptides  of  collagen  proteins  identified  in  the  sample. 


Entry 

Identified  proteins 

Species 

Accession  number 

Specific  peptides 

Position 

Variable  hydroxylation  sites 

a 

Collagen  alpha-l(I) 

Bos  Taurus 

NP_001 02921 1.1 

GPPGSAGSPGKDGLNGLPGPIGPPGPR* 

1141-1167 

P2,  P3,  P9,  Kll,  PI  8, 

chain  precursor 

(bovine) 

P20,  P23,  P24,  P26 

b 

Collagen  alpha-2(I) 

Bos  Taurus 

NP_776945.1 

GAPGAIGAPGPAGANGDR 

674-691 

P3,  Pll 

chain  precursor 

(bovine) 

c 

GAPGAIGAPGPAGANGDRGEAGPAGPAGPAGPR 

674-706 

P3,  P9 

d 

SGETGASGPPGFVGEK 

829-844 

P9,  P10 

e 

GYPGNAGPVGAAGAPGPQGPVGPVGK 

947-972 

P3,  P8,  PI  5 

f 

HGNRGEPGPAGAVGPAGAVGPR 

973-994 

P7 

g 

GEPGPAGAVGPAGAVGPR 

977-994 

P3 

h 

IGQPGAVGPAGIR* 

1066-1078 

P4 

I 

GSQGSQGPAGPPGPPGPPGPPGPSGGGYEFGFDGDFYR 

1079-1116 

P14,  PI  5,  PI  7,  PI  8 

Indicates  the  bovine-specific  peptides  identified  by  both  searches  against  the  NCBInr  database  and  the  IPLbovine  database. 


cattle  in  the  Xiaohe  Cemetery,  which  provided  not  only  meat,  milk, 
hides,  sinews  and  dung,  but  also  leftover  parts  for  manufacturing 
adhesive.  Therefore,  cattle  played  an  extremely  important  role  in 
the  life  of  the  Xiaohe  people,  confirming  the  significant  impact  of 
Eastern  and  Western  communication  as  the  cattle  cultivated  in  the 
Xiaohe  Cemetery  likely  originated  from  West  Eurasian  (Li,  2010). 

5.2.  Earliest  evidence  of  adhesive  use  in  China  up  to  now 

While  the  resin,  gum,  bitumen  and  tar,  which  could  be  gathered 
from  nature  or  acquired  through  heating,  were  used  as  adhesive 
since  the  Paleolithic  period  and  Middle  Stone  Age  (Boeda  et  al., 
2008;  Charrie-Duhaut  et  al.,  2013;  Roller  et  al.,  2001;  Mazza  et  al., 

2006;  Wadley  et  al.,  2009),  animal  glue  arose  later.  The  oldest  an¬ 
imal  glue  discovered  so  far  was  occasionally  used  by  Neolithic  cave 
dwellers  living  southwest  of  the  Dead  Sea  some  8000  years  ago 
(Nissenbaum,  1997;  Connan,  personal  communications).  Animal 
glue  was  also  the  commonest  adhesive  in  ancient  Egypt  since  first 
recorded  ca.  4000  BC  (Koepff,  1985),  and  Egyptian  carvings  dating 
back  3300  years  depicted  glue  preparation  and  use  as  well  (Hull 
and  Bangert,  1952;  Pape,  1959).  Concerning  ancient  Chinese  liter¬ 
ature,  the  historical  book  of  “Zhou  Li  Kao  Gong ]i'\  translated  as  the 
Records  of  Examination  of  Craftsman  or  Book  of  Diverse  Crafts,  which 
compiled  science  and  technology  in  the  Western  Zhou  dynasty 
(1046-771  BC)  and  should  be  written  no  later  than  the  end  of  the 


Spring  and  Autumn  periods  (770-476  BC),  is  the  earliest  literature 
specifically  referring  to  animal  glue,  describing  the  color  differ¬ 
ences  of  several  animal  glues  produced  from  deer,  horse,  cattle, 
mouse,  fish  and  rhinoceros.  Based  on  textual  studies,  Wang  (1987) 
considered  that  the  manufacture  of  animal  glue  in  China  has  a 
history  of  ca.  3000  years.  Scientific  investigation  of  adhesive  ma¬ 
terials  used  in  the  Qin  Shihuang's  (the  first  emperor  of  the  Qin 
dynasty)  terracotta  army  (259-210  BC)  (An,  2012),  the  Western 
Han  dynasty  terracotta  army  (206  BC-8  AD)  (Wei  et  al.,  2012),  wall 
paintings  at  Kizil  Grottoes  (3rd  century  to  13th  century)  (Su  et  al., 
2005),  as  well  as  Dunhuang  mural  paintings  (5th  century  to  14th 
century)  (Li,  1995),  all  confirm  the  application  of  animal  glue. 
However,  the  research  in  this  paper  detected  bovine  glue  used  in 
prehistoric  period.  This  is  the  earliest  evidence  of  animal  glue 
identified  in  China,  which  sheds  light  on  adhesive  development 
around  3500  years  ago,  nearly  five  hundred  years  earlier  than 
previously  thought. 

Besides  animal  glue,  other  kinds  of  adhesives  were  discovered  in 
China  as  well,  such  as  beeswax  and  shellac  as  binding  agents  on 
Chinese  turquoise-inlaid  bronze  swords  dated  to  the  East  Zhou 
period  (770-256  BC)  (Cheng  et  al.,  2008;  Luo  et  al.,  2012),  urushi 
and  linseed  oil  used  on  lacquer  objects  excavated  from  a  Warring 
States  Chu  tomb  (481-221  BC)  (Wei  etal.,  2011),  Chinese  lacquer  as 
binder  in  the  Western  Han  dynasty  polychrome  terracotta  jar 
(206  BC-23  AD)  (Chiavari  and  Mazzeo,  1999),  oxidized  lacquer 
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Fig.  5.  MS/MS  spectrum  of  the  triply  charged  ion  at  m\z  =  819.0786  and  presenting  the  y  and  b  fragments  of  the  peptide  sequence  GPPGSAGSPGKDGLNGLPGPIGPPGPR.(position 
1141-1167)  specific  to  bovine  collagen  al  type  I.  Detailed  data  (peptide  and  fragment  ions)  were  given  in  the  Supporting  Information  (Fig.  SI  (d)). 
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Fig.  6.  MS/MS  spectrum  of  the  doubly  charged  ion  at  m\z  =  604.8411  and  presenting  the  y  and  b  fragments  of  the  peptide  sequence  IGQPGAVGPAGIR  (position  1066-1078)  specific 
to  bovine  collagen  a2  type  I.  Detailed  data  (peptide  and  fragment  ions)  were  given  in  the  Supporting  Information  (Fig.  S2  (c)). 


mixed  with  tung  oil  as  gilding  adhesive  on  Buddha  statue  from  the 
South  Song  dynasty  (1127-1279  AD)  (Hu  et  al.,  2008),  etc.  Sum¬ 
marizing  the  adhesive  materials  discovered  so  far  in  various  Chi¬ 
nese  archaeological  contexts,  it  is  inferred  that  the  analyzed  sample 
from  the  Xiaohe  Cemetery  was  the  earliest  adhesive  investigated  in 
China  up  to  our  knowledge. 


6.  Conclusions 

More  recently,  proteomic  methods  have  been  utilized  in 
archaeology  and  open  new  windows  for  residue  analysis.  The 
technique  has  been  successfully  applied  in  the  identification  of 
remains  in  archaeological  pottery  (Dallongeville  et  al.,  2011a; 
Solazzo  et  al.,  2008),  binders  in  the  paintings  (Fremout  et  al., 
2010;  Leo  et  al.,  2009),  protein  additives  in  building  materials 
(Kuckova  et  al.,  2009),  etc.  This  work  shows  the  efficiency  of  pro¬ 
teomic  approaches  on  the  identification  of  the  prehistoric  adhesive 
used  as  inlay  material  on  a  staff  collected  from  the  Xiaohe  Ceme¬ 
tery,  Xinjiang,  China.  Bovine-specific  peptides  of  collagen  type  I 
were  identified,  suggesting  that  the  adhesive  was  animal  glue  from 
bovine  origin.  This  study  reveals  ca.  3500-year-old  bovine  glue  used 
in  ancient  China,  which  is  not  only  the  earliest  evidence  of  adhesive 
use  in  China,  but  also  pushes  back  the  history  of  Chinese  animal 
glue  to  five  hundred  years  earlier  than  previously  thought.  It  also 
casts  light  on  the  life  of  the  Xiaohe  people,  who  raised  cattle  as  one 
of  the  main  livestock  and  depended  on  cattle  in  many  aspects  of 
their  lives. 
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